Abstract. The use of reference models as templates of historical or natural conditions to assess restoration progress is inherently logical; however, difficulties occur in application because of the need to incorporate temporal variation in ecosystems caused by disturbance and succession, as well as seasonal, interannual, or decadal variability. The landscape-scale restoration of the globally threatened and fire-dependent longleaf pine ecosystem in the southeastern United States is an example in which restoration efforts are even more complicated by the limited availability of extant reference sites. This study uses the dynamic reference conceptual framework to assess the direction and rate of recovery with respect to biodiversity restoration goals using a 15-year vegetation data set from an experimental restoration treatment in fire-excluded, hardwood-encroached longleaf pine sandhills. We compared ground-cover vegetation response to midstory hardwood removal through herbicide application, mechanical removal, and fire only. Nonmetric multidimensional scaling ordinations and proportional similarity analyses suggest that, while vegetation changed in all treatments over time, no differences in species composition or hardwood density in the ground cover were attributable to hardwood reduction treatments after 15 years with frequent prescribed fire. Furthermore, the results of this study indicate that considerable variability is associated with reference sites over time. Sites identified in 1994 as attainable restoration targets had become a moving target themselves, changing in magnitude consistent with alterations in restoration plots attributable to treatment effects and shaped by the modest increase in fire frequency imposed since 1998. In a broad restoration context, this study demonstrates a conceptual framework to better understand and integrate the range of spatial and temporal variation associated with the best available reference sites. It also illustrates a practical tool for statistically defining reference sites and for measuring restoration success in continually changing conditions that should be widely applicable to other ecosystems and restoration goals.
INTRODUCTION
Assessing restoration of degraded ecosystems often involves comparing restoration sites to reference sites that are presumed to represent benchmark or desired future condition. Evaluating reference sites in the restoration process provides a basis to define potential restoration goals, to identify the restoration strategies, and to serve as an endpoint for measuring success over time (Fule´et al. 1997 , Hobbs and Harris 2001 , Asbjornsen et al. 2005 , Grant 2006 . While the use of reference models as templates of historical or natural conditions is inherently logical, difficulties occur in application because of the need to incorporate temporal variation in ecosystems caused by disturbance and succession, as well as seasonal, interannual, or decadal variability (Wyant et al. 1995 , Parker 1997 , White and Walker 1997 . In addition, spatial variation among locations selected as reference sites may reflect differences in environmental characteristics, historical legacies, and stochastic factors (Gordon et al. 1997 , Palik et al. 2000 , Block et al. 2001 , Fule´et al. 2002 , Baer et al. 2004 , Trowbridge 2007 . Furthermore, large-scale but infrequent natural disturbances, such as intense fire or hurricanes, can widen the ecological amplitude of reference sites through long-term effects, making the reference site a moving target Rathbun 1993, Provencher et al. 2001c) . Thus a static view of the ecological condition of these reference sites limits the inference of measurements relative to the recovery of degraded sites (Hiers et al. 2012) .
Conceptually, the range of conditions and the importance of considering temporal and spatial varia- tion of reference sites have been recognized and articulately summarized (White and Walker 1997 , Philippi et al. 1998 , Landres et al. 1999 , Hobbs and Harris 2001 , Suding and Gross 2006 . Variation associated with reference conditions as well as that of the restored sites has been visualized as occurring within a multidimensional volume (White and Walker 1997 , Palmer et al. 2006 , Urban 2006 , and accordingly, evaluation of the pace and magnitude of change over time has been examined with ordinations and other multivariate techniques (King et al. 2004 , Laughlin et al. 2004 , Kirkman et al. 2007 , Wayman and North 2007 , Martin and Kirkman 2009 , Meyer et al. 2010 , and many others). While these approaches give insights into migrations of response variables over time, little emphasis has been placed on the problems of choosing the spatial and temporal scale of variation to be included, which can dictate the results of the restoration trajectory (Matthews et al. 2009b , Hiers et al. 2012 . Furthermore, techniques to incorporate the dynamics of reference conditions in defining the appropriate multidimensional envelope have not been applied empirically, particularly in an experimental context (Hobbs and Harris 2001) , or where relatively pristine sites are not available as initial reference conditions (Seastedt et al. 2008 , Jackson and Hobbs 2009 , Matthews et al. 2009a ).
The landscape-scale restoration of the globally threatened and fire-dependent longleaf pine (Pinus palustris) ecosystem in the southeastern United States is an example in which restoration efforts are complicated by the limited availability of extant reference sites. Although once the dominant forest ecosystem of the southeastern Coastal Plain, ,2% of the original extent remains, and little of that is considered in reference condition due to fire exclusion or disturbance of the native ground cover. In addition to a large geographic range targeted for restoration, these ecosystems occupy a complex edaphic gradient from seasonally inundated wetland margins to xeric upland sandhills (Peet 2006) . While high ground-cover species richness at fine scales (,10 m 2 ) characterizes longleaf pine ecosystems across the range of site conditions, the dominant and codominant vegetation cover shifts dramatically with soil water-holding capacity (Myers 1990 , Kirkman et al. 2001 .
Restoration of longleaf pine ecosystems has focused on reestablishing frequent fire regimes. Longleaf pine ecosystems are among the most fire dependent in the world, requiring fire every 1-5 years to maintain their character and viability (Myers 1990 ). Frequent surface fires promote an open stand structure with a sparse midstory of fire-tolerant hardwoods and shrubs. The ground cover is often dominated by C 4 grasses, most notably wiregrass (Aristida stricta) and little bluestem (Schizachyrium scoparium), or species of broomsedge (Andropogon spp.). In the absence of frequent fire, these ecosystems are degraded by accumulations of litter on the forest floor (Hiers et al. 2007 ) and increased abundance of midstory hardwoods (Provencher et al. 2001a, b) and shrubs (Freeman and Jose 2009) . Thus, the focus of restoration in these ecosystems has been to restore the open forest structure through initial hardwood reduction techniques (e.g., herbicide application or mechanical treatments) followed by prescribed fire. Frequent prescribed fire is then required in perpetuity to maintain the restoration trajectory (Provencher et al. 2001a , Kirkman et al. 2007 , Menges and Gordon 2010 .
Despite the conventional wisdom that longleaf pine ecosystem restoration begins with midstory reduction and reintroduction of fire, measuring restoration success is still challenged by the poor quantification of reference conditions. Moreover, the assumptions that forest canopy structure predominantly controls biodiversity recovery may not be applicable to the entire edaphic gradient, particularly for more xeric sites (Hiers et al. 2007) . Reference site selection and matching reference sites to potential vegetation in restored sites, then, becomes even more critical in quantifying restoration progress within longleaf pine ecosystems. With few reference sites from which to choose, spatial variation of potential vegetation is limited, and thus examination of temporal dynamics of evolving reference sites is required to advance a more holistic understanding of restoration endpoints and to identify appropriate management regimens.
This study develops a framework to assess the direction and rate of recovery with respect to biodiversity restoration goals using a 15-year vegetation data set from experimental restoration treatments in a longleaf pine forest. Our study objectives were to use shifting reference conditions in the assessment of treatment effectiveness by incorporating annual and decadal plant community variation within the context of climate variability, contemporary management regimens, and historical legacies. Specifically, we hypothesize that: (a) differences in patterns of initial treatment (burning only, herbicide application, mechanical, control) effectiveness diminish over time; (b) species composition of restoration sites becomes more similar to reference conditions with the reintroduction of frequent prescribed fire, regardless of initial restoration treatment; and (c) dynamic reference conditions increase the range of variation defined in the restoration target over time.
METHODS

Study area
The study plots are located on Eglin Air Force Base (EAFB) in southern Santa Rosa, Okaloosa, and Walton Counties in the Florida panhandle Gulf Coastal Plain (see Plate 1). Annual mean temperature from 1981 to 2010 was 18.68C and mean precipitation was 150 cm (NOAA 2012) . The study sites are xeric sandhills characterized by Typic Quartzipsamments (Lakeland series soils), which are deep and excessively drained sands (Overing and Watts 1989) . The sandhills at EAFB fall under the high pine characterization by Myers (1990) , referring to the hilly undulating terrain dominated by an open longleaf pine (Pinus palustris) canopy with a hardwood midstory made up of turkey oak (Quercus laevis), bluejack oak (Q. incana), and persimmon (Diospyros virginiana).
This study took place on fire-excluded and hardwoodencroached longleaf pine sandhill sites. At the initiation of the study in 1994, the treatment plots had ''relatively sparse herbaceous ground cover and a thick litter of hardwood leaves interspersed with bare ground'' (Provencher et al. 2001a ). Prior to 1994, treatment plots had been burned no more than once during the preceding decade, and none had been burned within five years prior to treatment application. This burn frequency was less than estimates of historical fire frequency necessary to maintain the fire-dependent longleaf pine ecosystem (Ware et al. 1993 , Glitzenstein et al. 1995 . Between 1998 and 2010, treatment plots were burned ;3-4 times (3-4 year average fire-return interval). The burn frequency of reference plots ranged between 4 and 8 during this period; some reference sites burn nearly annually by wildfire given their proximity to active munitions test areas.
Experimental design and reference plots
To investigate the long-term impact of four hardwood reduction treatments in relation to reference conditions, we resampled five (of the six) randomized complete blocks that were originally sampled annually during 1994-1998 (Provencher et al. 2000 (Provencher et al. , 2001a . All restoration plot resampling occurred in 2010. While the original treatments included burning, herbicide application (ULW form of hexazinone at a rate of 2.44 kg/ha), mechanical removal (felling/girdling) of hardwoods, and untreated controls, fire was regularly applied as a management tool from the end of the original experiment (1998) to the present; thus control treatments now represent a delayed burning treatment. These blocks extended across the northern portion of EAFB. One of the six original blocks (Exline Creek) was harvested for timber in 2009 and was subsequently omitted from the study. Each treatment was randomly assigned and applied to an 81-ha plot within each block. The original unburned controls, though now a delayed fire-only treatment, are still useful for interpreting the pace of restoration change with the reintroduction of fire after 1998.
For the initial experiment, vegetation was sampled within 32 subplots along four transects in each treatment plot. Each subplot was 10 3 40 m. These subplots were placed in the farthest corner from the other treatments to reduce the influence of adjacent treatments on faunal species. The original subplots in the sampling design were arranged in four transects with either a 10-m ''clumped'' or 40-m ''spaced'' separation. Because no difference was found in vegetation sampled in the clumped vs. spaced subplots, we chose to revisit only the clumped subplots (resampling in half the subplots) to facilitate relocating the exact sampling locations. In the case of the burn treatment in block one (B-7), we substituted four clumped subplots within a transect with spaced subplots randomly chosen from the remaining transects because it was clear that the clumped subplots were in a fire shadow on a creek margin and had not burned in decades.
To evaluate reference condition changes over time, we resampled the original six 81-ha reference plots. Six nonexperimental reference plots were established in 1994 in frequently burned sandhill sites that represented restoration goals based on community composition and structure. Reference plots were initially chosen based on the following characteristics: (1) an unevenaged distribution of longleaf pine; (2) presence of oldgrowth longleaf pine; (3) presence of grass-dominated ground cover; (4) sparse woody midstory; and (5) presence of Red-cockaded Woodpeckers (Picoides borealis; Provencher et al. 2001a) . Reference plots are all located on the western half of EAFB and are in close proximity to bombing ranges that have resulted in a regular fire regime since the 1960s and 1970s due to live fire ignition (Provencher et al. 2001c ). The reference plots had been burned at least twice in the decade prior to 1994; however, incomplete records and frequent wildfires from nearby Air Force ranges likely resulted in additional undocumented fires in reference sites. Originally, these reference sites were sampled annually from 1994 to 1998. Resampling of reference plots occurred in 2009 and 2011 (and therefore, referred to in results as 2010). One reference site was eliminated due to unanticipated manipulations by Eglin AFB personnel in 2006. Reference plots contained the same number of subplots as experimental plots, but transects were located at the center of the 81-ha plots rather than toward the corners because of the absence of any adjacent treatments. Resampling of vegetation was conducted in the same manner as restoration treatment plots.
Data collection
All vegetation sampling methods followed Provencher et al. (2000 Provencher et al. ( , 2001a as closely as possible to minimize incompatibilities in the data sets. Voucher specimens collected during the initial study, housed at EAFB's Air Force Wildland Fire Center (Jackson Guard) in Niceville, Florida, were reviewed to reconcile nomenclatural inconsistencies. The plant nomenclature of the prior data set was updated from that of Clewell (1985) to Wunderlin and Hansen (2003) .
Longleaf pines were sampled from January through February of each measurement year, and hardwoods were sampled from March to June. Consistent with the methods of Provencher et al. (2000 Provencher et al. ( , 2001a , we measured diameter at breast height (dbh) of all longleaf pine trees (.1.4 m in height) in each of the subplots. Within each subplot, hardwoods and other trees were further subsampled. Turkey oak stems were sampled in two 5 3 10 m sub-subplots located on the narrow ends of each subplot. A longitudinal half (5 3 40 m) was randomly chosen in each subplot to measure all other trees and record the stem count of P. palustris juveniles (grass stage to 1.4 m tall). Stems of all other trees ,1.4 m in height were counted in the ground-cover sampling during the summer/fall. Midstory trees were distinguished from overstory trees based on their dbh and followed Eglin Air Force Base monitoring protocols. A pine tree was considered overstory if it was !10.16 cm dbh. An oak tree was considered overstory if it was !16 cm dbh. We calculated the mean basal area (in square meters per hectare) of midstory and overstory trees for each plot.
Ground-cover sampling began in mid-August and was completed by the first week of November each year. To account for any late-appearing or flowering species, those plots sampled in late August were revisited at the end of the sampling period. We quantified ground-cover vegetation using the same methods described by Provencher et al. (2000 Provencher et al. ( , 2001a . Vegetation was sampled in four 0.5 3 2 m quadrats located in each corner of the subplots. We recorded all species in each quadrat and counted the number of stems of each species. When a specimen lacking a key identifying character could not be positively identified, we flagged it for identification on a return visit. Some species were combined as a morphospecies due to difficulty in separating them vegetatively in the field or because of taxonomic inconsistencies with the prior study (Appendix A). To obtain species richness at the subplot level, we completed a 15-minute walk-through of each subplot to record any additional species not found in the four quadrats of that subplot.
Data analyses
We examined the change in ground-cover species composition during the 15-year period from pretreatment to posttreatment using nonmetric multidimensional scaling (NMDS) ordination (Kruskal 1964) , via the nmds function in the labdsv package (Roberts 2010) in the R statistical environment (R Development Core Team 2011). To assess reference site change over time and to compare effectiveness among restoration treatments, we evaluated the similarity of vegetation to reference conditions before and after treatment and compared changes over time among treatment plots. First, we examined pretreatment vegetation composition relative to 1994 reference conditions. We calculated a 90% confidence ellipsoid in three-dimensional ordination space to represent reference conditions. Then we PLATE 1. Prescribed fire in a longleaf pine forest at Eglin Air Force Base, Florida, USA. Photo credit: Kylie Krauss. compared pre-and posttreatment (2010) composition of the treatment plots in ordination space. We used the vector-fitting envfit function in the vegan package (Oksanen 2011) in R to find the direction in ordination space most strongly correlated with potential explanatory variables of burn history (the number of fires per plot prior to 1994 and between 1994 and 2010), midstory hardwood density (number of stems per hectare), and overstory hardwood density (number of stems per hectare) per plot. Finally, we compared the change in reference conditions between 1994 and 2010 relative to vegetation composition using all six years of treatment data. We used Mahalanobis distance values converted to chi-square probabilities to determine if any treatment plots moved within the 90% confidence ellipsoid of reference conditions over time. We identified indicator species of reference and treatment conditions using indicator species analysis (Dufrene and Legendre 1997) via the indval function in the labdsv package.
For each of the ordinations, we dropped rare species (those that occur in ,5% of the plots [minimum of two plots] in each year) to focus on the community response, and then log-transformed the abundance data (stems per hectare) to prevent common species from dominating the dissimilarity metric. Different transformations of the abundance data including relativization by species maximum were explored, but a log transformation resulted in the most stable ordinations and had lower stress than other transformation techniques. In addition, log transformation made ecological sense for examining multiple years of data. For all ordinations, we used the Bray-Curtis distance metric with a NMDS starting configuration that requested a six-dimensional solution stepping down to a one-dimensional solution. The dimensionality of all ordinations was determined by plotting ordination stress against the number of dimensions in a scree plot. Goodness-of-fit diagnostics associated with Shepard plots (ordination distances plotted against community dissimilarity) were used as verification of quality for each ordination.
We used an additional nonparametric multivariate distance technique to compare the restoration hardwood reduction treatments to each other and to reference conditions at the treatment scale, and also to facilitate interpretation of the NMDS ordination diagrams. First, to assess differences in the distribution of the logtransformed community ground-cover abundance data among the treatment plots, we used permutational multivariate analysis of variance (PERMANOVA; Anderson 2001) as implemented in the PERMANOVA function in PC-ORD v5 (McCune and Mefford 2006) with the Sorensen distance metric, significance of a ¼ 0.05, and 1000 permutations. For this analysis, a randomized complete block design (RCBD) was used so that the permutations only occurred within each block, and treatment was the grouping factor. We conducted a second analysis to assess differences in the log-transformed ground-cover vegetation data between reference and treatment plots. As PERMANOVA is a distance-based analysis, we included the reference plots that were not part of the randomized complete block design and ran a one-way analysis with treatment (reference included as a treatment) as the grouping factor, again using PERMANOVA in PC-ORD v5 with the Sorensen distance metric, significance level of a ¼ 0.05, and 1000 randomizations.
To incorporate reference conditions that were not part of the RCBD, we used similarity indices to examine change in vegetation composition by treatments. For this analysis, we calculated proportional similarity (PS; Brower et al. 1989 ) between each treatment plot and each reference plot. Proportional similarity (PS) was calculated as
ðjPik À PjkjÞ where P is the proportion of species k in treatment plot i and in reference site j (Brower et al. 1989 ). The proportions are based on relative abundance for vegetation cover variables. This formula was calculated for every restoration plot (n ¼ 20), paired with each reference site (n ¼ 5), and averaged over all reference sites per restoration plot. Proportional similarity will equal 1 if plots have the same species in equivalent proportions. RCBD analysis of covariance (ANCOVA) was used to test for restoration treatment effects using 1994 pretreatment PS values as the covariate to adjust posttreatment data and to account for differences among treatments that existed prior to treatment application. To examine trends in biodiversity among treatments over time at various scales we calculated species richness at the quadrat, subplot, plot, and treatment levels by treatment and year. We classified each species into one of three categories based on their association with early successional vegetation or reference conditions (ruderal, semiweedy, or longleaf pine associate) (Appendix B) and compared the species richness of these classes of vegetation by treatment for 1994 and 2010 using RCBD ANCOVA. Evenness and average log abundance were calculated only at the treatment level because these variables are scalable with area. We calculated Pielou's evenness as: H/ln (S ), where H is the Shannon diversity index and S is species richness. We calculated average log abundance as
where S is species richness and N i is the number of individuals of each species (You et al. 2009 ). We tested restoration treatment effects with RCBD ANCOVA using 1994 pretreatment species richness data as the covariate to adjust posttreatment data and to account for differences among treatments that existed prior to treatment application. Similarly, we compared averaged log abundance among treatments by year and groundcover guilds (trees, shrubs, forbs, graminoids) as well as by individual tree species in the ground cover. Differences among treatment means were determined by Tukey multiple comparison tests for years in which treatments differed. Following the species diversity volume concept of You et al. (2009) , we created threedimensional graphs of the biodiversity measures by treatment and block to illustrate how species richness, evenness, and average log abundance simultaneously changed over time and by treatment. We used RCBD ANCOVA to compare these three biodiversity measures among treatments by year using 1994 values as the covariate in all analyses.
RESULTS
Ground-cover composition and diversity measures
The ground-cover composition of restoration treatment plots differed in ordination space from that of reference treatment plots prior to treatment applications ( Fig. 1 a, b) . Between 1994 and 2010 all treatment plots moved in a trajectory toward the original reference conditions in NMDS space, but reference plots also changed in species composition over that time (Fig. 2) . The number of prescribed burn events per plot was positively correlated with the direction of compositional change toward reference condition, whereas total overstory hardwood density, and the overstory hardwood density of Quercus laevis and Q. incana per plot, were negatively associated (Fig. 2) , as expected given that treatments removed hardwood stems. No treatment plots fell within the 1994 pretreatment reference conditions in the NMDS ordination of all six years (Fig. 3) . Based on the PERMANOVA analysis of the ground-cover vegetation matrix, dispersion of sample units in ordination space differed between reference sites and treatment sites for all years, indicating that reference sites were more similar to each other in composition than treatment sites (P , 0.05). In the one-way PERMANOVA analysis in which blocks were not included (Appendix C), there were significant differences among treatments after 1996, but these differences were not significant when blocks were included (Appendix D) and were not the focus of the second PERMANOVA analysis, which centered on differences between reference and treatment plots.
Regardless of restoration treatment, the proportional similarity to reference plots increased between 1994 and 2010 (P , 0.001). After treatment, the burn plots were different (P , 0.05) from herbicide and control plots in some years immediately following treatment (Fig. 4 , Appendix E). Differences in mean ground-cover species richness existed at the treatment scale between burn and herbicide plots, burn and control plots, and mechanical and control plots in the initial posttreatment period (1995) (1996) (1997) (1998) , with burn plots more similar to reference conditions (Fig. 5, Appendix F) . At the plot scale, herbicide treatments had significantly lower species richness than the control, burn, and mechanical plots from 1995 to 1998, but these differences were no longer apparent in 2010 (Appendices G and H). While the pattern of species richness at the smaller sampling scales was similar to larger scales in the initial years following treatment (e.g., lower in herbicide treatment), a different pattern was observed by 2010, with burn and control quadrats having significantly lower species richness than herbicide and mechanical plots (Appendices G and H). There were no differences in ground-cover species evenness measures among treatments for any year (P . 0.05) (Appendix I). Initially following treatments in 1996, average log abundance in the ground cover was significantly lower in herbicide plots than in burn and control plots (P , 0.05), but this difference was absent after 1996 (Appendix J). By 2010, there were no differences in stem density for graminoids, forbs, or woody plants in the ground cover for any treatment (P . 0.05). Graminoid stem density in the herbicide treatment was less than that of control treatment in 1995 (P , 0.05), and several species of grasses were no longer present by 2010 (Appendix K). Stem density of hardwood species in the ground cover was strongly reduced during the initial posttreatment sampling dates (1995) (1996) (1997) (1998) in herbicide treatment plots only, and tree stems remained marginally suppressed (P ¼ 0.08) relative to other treatments in 2010 (Appendix K). The multidimensional species diversity volume (Fig. 6) illustrates how overall evenness, abundance, and richness simultaneously changed in treatment and reference plots over time, with the resulting composite metric showing an increase by 2010 for all treatments. In 1994, reference plots were easily distinguishable from the treatment plots, whereas by 2010, reference and treatment plots were indistinguishable.
By 2010, midstory deciduous oak density was greater in mechanical than herbicide treatments at the treatment scale (P , 0.01). By 2010, stem density of the evergreen oak, Quercus geminata, in the ground cover, was also greater in mechanical than herbicide treatments regardless of scale of measurement (P , 0.01) (Appendix L). Interestingly, Quercus geminata density in the ground FIG. 4 . Proportional similarity to reference conditions (mean 6 SE) by treatment from 1994 to 2010 using log-transformed understory species abundance after removing rare species. Means with different letters above the bar are significantly different (Tukey's HSD, P , 0.05).
cover was consistently higher in reference plots as well, regardless of scale, although the density means were highly variable. Unfortunately, the initial experimental design precluded tests for statistical significance. More ruderal species were associated with the herbicide treatment by 2010 than other treatments (P , 0.01) (Appendix M).
Reference condition indicator species
Twelve of the 15 ground-cover species that were identified as indicators of reference sites in 1994 were not significant indicators of reference conditions by 2010, further reinforcing that treatment plots had become more similar to reference conditions over time (Appendix N) . Most of these species increased in abundance as well as frequency of occurrence in treatment plots. Of particular interest among this group of species were Aristida stricta and Solidago odora, which have also been identified as species indicative of reference conditions in prior monitoring studies at Eglin, although A. stricta is generally restricted to the eastern part of the site (K. Hiers, personal communication). Both A. stricta and S. odora were strongly correlated with the direction of change in ordination space (P , 0.001). Of the eight species that were not indicators of reference conditions in 1994 but that became indicators in 2010, Crotalaria rotundifolia and Pityopsis graminifolia were also among those species previously identified as reference site indicators in previous monitoring studies (K. Hiers, personal communication). The three species that consistently represented reference sites over time were Helianthemum carolinianum, Lechea sessilifolia, and Symphyotrichum concolor. Only L. sessilifolia was strongly correlated with the direction of change in ordination space (P , 0.001).
DISCUSSION
Based on consistent plot movement toward the reference ellipsoid in ordination space, an increase in proportional similarity to reference, convergence of multidimensional community diversity metrics, and a reduction in reference indicators, our analyses of 15 years of vegetation data suggest a positive restoration trajectory of degraded longleaf pine sandhills regardless of initial restoration treatment, when fire is applied frequently following treatment. The overall finding that hardwood reduction treatment did not significantly affect species composition or hardwood stem density in the ground cover of a fire-excluded longleaf pine sandhill site 15 years posttreatment confirms a pattern that was evident even in 1998 (three years posttreatment). The ground-cover response observed between 1995 and 1998 was accordingly attributed to burning (Provencher et al. 2001a) . Even so, a plausible scenario was that differing vegetation trajectories associated with the initial treatments remained possible in the future, particularly after multiple and more frequent prescribed fire events had occurred. The underlying rationale was that initial removal of midstory hardwood trees might affect the rate of ground-cover response through reduced competition for light and increased fine-fuel loading and continuity, resulting in less patchy fire that would control further woody stem recruitment and encourage herbaceous vegetation. Evidence from our study indicates that this projected outcome due to midstory removal did not materialize. Instead, the correlation of change in vegetation with fire frequency associated with all treatments, rather than limited to midstory removal treatments, supports prior findings of Hiers et al. (2007) . In that study, the role of forest floor litter and duff accumulation in fireexcluded sandhill sites was identified as a major cause of reduced vigor of ground cover as opposed to midstory oak basal area or stem density. It is unclear if the initial reduction in species richness in herbicide plots was due to elimination of nontarget species sensitive to hexazinone or to mortality of perennial species as a result of increased dead woody debris and long-duration smoldering in subsequent prescribed fires (Provencher et al. 2001b ). The increased species richness at the smallest scale coupled with a greater abundance of ruderal species in herbicide vs. other treatments by 2010 may reflect a recruitment response consistent with patches exposed to prolonged elevated temperatures and altered soil nutrient conditions (Creech et al. 2012) . Increased ground-cover stem density of Q. geminata with midstory mechanical removal reveals a sprouting response that was not controlled by successive prescribed fires.
We recommend that in fire-excluded longleaf pine sandhill sites, midstory hardwood reduction should be reevaluated as a requisite restoration technique to advance or maintain diverse ground-cover vegetation. Our conclusions echo those reached by Steen et al. (2013a, b) in regard to the response by birds considered longleaf pine specialists. After over a decade of prescribed burning in the same treatment and reference sites of our study, occupancy rates by these bird species was similar, regardless of initial method of hardwood removal. These findings expand on growing evidence that a greater focus on reintroduction of frequent prescribed fire, rather than mechanical or chemical hardwood reduction, is warranted as the primary tool for restoration of fire-excluded sandhill sites.
Nonetheless, it is important to emphasize that these results are from xeric longleaf pine ecosystems, and consequently, the conclusions regarding treatment applications may not necessarily be appropriate for fire-excluded longleaf pine sites that occur in more mesic and productive conditions. Midstory encroachment on more mesic sites may include a different suite of midstory species (Brockway and Outcalt 2000, FIG. 6 . Multidimensional community diversity metrics (richness, evenness, average log abundance) by block for reference and treatment plots from 1994 to 2010. Kirkman et al. 2007 , Freeman and Jose 2009 , Outcalt and Brockway 2010 . While longleaf pine ecosystems are often considered along a gradient of edaphic conditions, xeric longleaf pine ecosystem response may represent a different mechanistic process rather than degree of gradation from more mesic longleaf pine ecosystems.
This study also does not address the possibility of a threshold density of hardwoods or guild of midstory encroachment in which herbicide may provide an optimal outcome. Guilds such as evergreen or semideciduous oaks, once established, have been suggested to limit restoration progress on similar sites (Hiers et al. 2007 , Veldman et al. 2013 or even other ecosystems Asbjornsen 2007, Brudvig 2010) . Identifying specific characteristics such as threshold levels of evergreen oak encroachment that would impede reintroduction of fire would permit managers to be targeted in their application of other, more expensive treatments, such as mechanical removal or herbicide.
Understanding and accounting for variability in reference sites over longer time scales is critical for drawing meaningful inference in ecological restoration. The analysis of this 15-year restoration experiment demonstrates the dynamic nature of the best available reference sites and reveals the challenges to interpretation of short-term restoration studies of longleaf pine ecosystems. As predicted, the results of this study indicate that considerable variability is associated with reference sites over time. Sites identified in 1994 as attainable restoration targets had become a moving target, themselves changing in magnitude equal to alterations in restoration plots attributable to treatment effects. The reference sites as well as treatment plots were continually shaped by the marginal increase in fire frequency imposed since 1998. In addition, other subtle changes may have contributed to reference site variability during this period. For example, in 1996 all of these sites experienced the largest mast year for longleaf pine regeneration in a century (Boyer 1998) . This cone production event contributed a significant input of additional fuel that may have also influenced vegetation in response to greater fire intensity (Mitchell et al. 2009 ). Recognition of this dynamism is important because it can be integrated into a broader range of appropriate reference targets. This study thus affirms the applicability of the dynamic reference concept as a tool for assessing restoration success within the natural range of reference conditions as outlined by Hiers et al. (2012) . It also validates the importance of sampling scale, particularly for examining biodiversity responses in a speciesrich ecosystem.
By developing a reference domain of spatial and temporal variability within ordination space, this study also demonstrated a practical method for measuring restoration progress or success for a given confidence region. Using this approach to identify plots that changed in species composition and moved within the reference domain can serve to quantify restoration success at specific sites. Alternately, restoration plots that fail to change in the desired direction in species composition space are identifiable and can be reexamined to determine if additional site degradation requires a different restoration management strategy (Grant 2006) . If a similar multivariate approach were followed at the onset of a project some treatment plots or reference plots might be selected differently. For example, if Mahalanobis Distance values of treatment plots failed to fall within the 90% confidence level of ground-cover reference conditions prior to treatment applications, the criteria used for site selection could have been reevaluated at the beginning stages of the study.
Applications and relevance to restoration
Even though the importance of changes in assemblages and ecological functions over time is conceptually inherent in restoration trajectories, in practice, few studies have quantitatively addressed such changes. To our knowledge, we present one of the first applications of a robust statistical technique to measure plant community changes in restored sites relative to the dynamic reference sites over 15 years. The long-term observations presented here are not only unique, but illustrate how incorporating longer-term temporal variation into the envelope that defines reference target ecosystems is essential in measuring management success. We demonstrate a unique approach that has direct application and relevance to a wide range of restoration projects, particularly where comparisons of recovery trajectories due to initial restoration treatments is of interest. By incorporating the dynamic nature of reference conditions in a changing and unpredictable environment, our approach avoids a rigid guideline for projecting desired restoration goals. Another far-reaching application of this approach is in situations where restoration of a particular target community composition becomes unattainable. For example, where legacies or prevailing conditions create an ecological threshold, further management intervention may be required. Likewise, recognition of the need to reexamine restoration objectives might occur in situations in which habitat for endangered species is involved. Present management for endangered species defines an optimum habitat that is static. Managing for an optimum endpoint may no longer be possible due to climate change rendering conservation goals for targeted community structure or composition infeasible. Using this assessment tool, constraints to the desired restoration trajectories that cannot be overcome through time may be identified and goals can accordingly be modified.
Moreover, a better understanding of the outcomes of extremely challenging restoration situations in which novel conditions prevail such that no analog reference conditions are present can be obtained from use of the dynamic reference approach described here. In such settings, where natural disturbances or loss of foundation species have precipitated major reorganizations of energy, nutrient cycles, and community assemblages Harris 2001, Seastedt et al. 2008) , restoration trajectories could be assessed against the backdrop of changing communities and ecological functions that develop in response to the novel conditions.
